We report the application of multilayered polyelectrolyte-coated gold nanorods (GNRs) as multifunctional optical contrast agents for cancer cell imaging. The surface modification of GNRs improves their chemical stability and facilitates them to be taken up by cancer cells through electrostatic interaction. The unique longitudinal surface plasmon resonance property of GNRs makes them suitable as both "scattering contrast agents" and "Raman contrast agents". In our experiments, the staining of GNRs in cells was further confirmed by dark field microscopy and Raman microscopy. Our experiment results indicated that GNRs have great potential as multifunctional "optical contrast agents" for future in vivo animal imaging.
Introduction
Gold nanorod (GNR), which is a new-style of gold nanoparticles with rod structure, has been widely applied in bio-photonics research due to their unique optical properties (Perez-Juste et al., 2005) . GNR has two surface plasmon resonance (SPR) bands. One is called a longitudinal band, which corresponds to electron oscillation along the long axis of GNRs, and the other is called a transverse peak, which corresponds to electron oscillation along the short axis of GNRs. The transverse extinction band is usually around 520 nm, while the longitudinal extinction band can be tuned from the visible to the near-infrared (600-900 nm, which is usually considered as an optical window of biological tissue) by adjusting the aspect ratio (length divided by width) of GNR (Link et al., 1999; Huang et al., 2006) .
The longitudinal SPR extinction of GNRs is composed of scattering and absorption, and according to the Mie scattering theory (Jain et al., 2006) , the ratio of scattering in the total extinction depends on both the effective radius r eff and the aspect ratio of GNRs. Based on their scattering property, GNRs can be utilized as "scattering contrast agents" for dark field imaging of cells (Ding et al., 2007; Oyelere et al., 2007; Yu et al., 2007a; 2007b; Hu et al., 2009; Lee et al., 2009) .
The longitudinal SPR characteristic of GNRs also makes them suitable for the application of surface enhanced Raman scatting (SERS) (Orendorff et al., 2006) . Raman signal is a fingerprint spectrum used to characterize molecule structure. It is usually too weak, however, to be detected. GNRs have a strong surface localized electromagnetic field, and it can be used to enhance the Raman scattering intensity of molecules, which are adsorbed on GNRs surfaces, up to 10 14 -fold (Camden et al., 2008) . Based on this characteristic, molecule (rich of Raman scattering information)-coated GNRs can be used as "Raman contrast agents" Oyelere et al., 2007; von Maltzahn et al., 2009) for both in vitro and in vivo bio-imaging. In our demonstrated work, as-synthesized GNRs were encapsulated with two layers of polyelectrolytes. The first layer is called poly-styrene sulfonate (PSS), which is negatively charged and rich of Raman information, and the second layer is called polyallylamine hydrochloride (PAH), which is positively charged (Pastoriza-Santos et al., 2006) . The PAH-PSS-GNRs carried net positive charges and could stain cancer cells due to the electrostatic interaction. Through both dark field microscopy and Raman microscopy, the uptake of multilayered polyelectrolytecoated GNRs in cancer cells was confirmed, based on their unique scattering property and SERS effect. Our experiment results indicated that GNRs have great potentials to be applied as multifunctional "optical contrast agents" for future in vivo animal imaging.
Materials and methods
GNRs used in our experiment were synthesized by a two-step seed-mediated growth method, which has been fully reported by our group before (Li et al., 2008) . The as-synthesized GNRs were then centrifugated twice to remove the excess cetyltrimethyl ammonium bromide (CTAB) molecules and then redispersed in 12.5 ml deionized water. The procedure of coating GNRs with multilayered polyelectrolytes is shown in Fig. 1 . Briefly, 0.25 ml GNRs solution, 200 μl PSS (210 mg/ml in aqueous solution), and 100 μl of 30 mmol/L NaCl solution were added into 0.75 ml deionized water, and the mixed solution was then vortexed vigorously for 3 min. After 3 h adsorption time, the excess PSS molecules in the supernatant fraction were removed by centrifugation twice, and the pellet was redispersed in 1 ml deionized water. For PAH coating, 200 μl PAH solution (10 mg/ml in 10 mmol/L NaCl) and 100 μl of 10 mmol/L NaCl solution were added into 1 ml PSS-GNRs solution, and the mixed solution was then vortexed vigorously for 3 min. After 3-h adsorption time, the excess PAH molecules in the supernatant fraction were removed by centrifugation twice, and the pellet was redispersed in 1 ml deionized water. The obtained PAH-PSS-GNRs could be then used for further cell imaging experiment.
Transmission electron microscope (TEM) picture of GNRs was taken by a JEOL JEM-1200EX TEM (Japan). Ultraviolet-visible (UV-vis) absorbance spectrum was recorded by a Shimadzu 2550 UV-vis scanning spectrophotometer (Japan). Zeta potential measurements were performed on a Malvern Zetasizer Nano ZS90 instrument (UK) at room temperature. Raman spectrum of GNRs solution was measured by a Raman probe system (Ocean Optics, USA), in which a 785-nm laser (max power 300 mW) and a Raman spectrophotometer were adopted.
HeLa cells (human cancer cell lines) were cultivated in Dulbecco minimum essential media (DMEM) with 10% (w/v) fetal bovine serum (FBS), 1% (w/v) penicillin, and 1% (w/v) amphotericin B. One day before the treatment, cells were seeded in 35-mm glass cultivation dishes at a confluence of 70%-80%. During the treatment, different samples (40 μl CTAB-GNRs, PSS-GNRs, and PAH-PSSGNRs with concentration of 13.1 pmol/ml) were separately added to the cell plates and the cell incubation process lasted for 2 h at 37 °C with 5% CO 2 . Then the cells were washed thrice with phosphate buffered saline (PBS) and directly imaged with a Nikon Eclipse ME600 microscope (Japan) with a dark field condenser (oil immersion type, with a numerical aperture between 1.2 and 1.43) and an objective lens (50×/numerical aperture (NA) 0.55). For Raman imaging, cells were cultivated in glass slides. After sample treatment and PBS washing, cells were fixed and the glass slide was covered by cover-glass. The treated cells were then imaged with an inVia Reflex Raman spectra microscope (Renishaw Ltd., UK).
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Fig. 1 Schematic diagram illustrating multilayered polyelectrolyte functionalization of GNRs

Results and discussion
Fig . 2b shows the TEM picture of our synthesized GNRs. As we can see, GNRs were of rod shapes and their sizes were very mono-distributed. Besides, the yield efficiency of GNRs was very high, and almost no nanoparticles with other shapes could be observed. According to the extinction spectrum (Fig. 2c) , the as-synthesized GNRs have two SPR peak. The transverse extinction peak is around 520 nm while the longitudinal extinction peak is around 636 nm. Under the daylight lamp (white light), GNRs solution took on green color (Fig. 2a) .
According to the TEM picture, the average diameter and length of GNRs could be measured and calculated. The average diameter and length of GNRs are 25 nm and 55 nm, respectively. Based on these data and discrete dipole approximation (DDA) calculation method (Kim et al., 2009) , the simulated extinction spectrum of our synthesized GNRs could also be obtained (Fig. 3) . The extinction spectrum was further divided into absorption and scattering. According to the Mie scattering theory, since the effective radius r eff (the GNR volume V GNR =4πr eff 3 /3) of the GNRs was not so big, scattering occupied the minority of the longitudinal extinction. The scattering intensity of GNRs, however, was still high enough for dark field scattering imaging, and the GNRs should scatter red light under the white irritation, since the simulated scattering peak wavelength was 640 nm. Another interesting phenomenon is that there is almost no scattering occupied in transverse extinction, which means that the transverse extinction is mostly caused by absorption effect. As shown in Fig. 4a , after PSS coating, the absorption peak of GNRs has a 2-nm red-shift of the longitudinal SPR band (638 nm). After PAH coating, the absorption peak of GNRs has another 0.5-nm red-shift of the longitudinal SPR band (638.5 nm). Furthermore, the absorption spectra of GNRs do not show obvious broadening related to the aggregation of nanorod particles. The surface charge properties of CTAB-GNRs, PSS-GNRs, and PAH-PSS-GNRs were also characterized through Zeta potential measurements. As shown in Fig. 4b , CTAB-GNRs, PSSGNRs, and PAH-PSS-GNRs carried positive charge (+28.2 mV), negative charge (−35.5 mV), and positive charge (+43.9 mV), respectively. Multilayered polyelectrolyte coating could reduce the aggregation of GNRs in solution, and it could also make GNRs more chemically stable and less toxic in bioenvironment. Furthermore, the net positive charges on PAH-PSS-GNRs surfaces could make them to be more readily taken up by cells due to the electrostatic interaction.
Different GNRs samples were used for in vitro cancer cell imaging with dark field microscopy, and HeLa cell lines were chosen as the target cells. Fig. 5a is the dark field imaging of HeLa cells without any treatment. Under the white light irritation, HeLa cells scattered blue light, and their nucleus could be easily discriminated from their cell cytoplasm. This phenomenon is very difficult to observe under common transmission microscopy, and it indicates that dark field microscopy can provide details with higher contrast rather than common transmission microscopy. Fig. 5c illustrates the similar result with Fig. 5a , and almost no red light (scattered from GNRs) could be observed. Since cell membranes usually carry negative charge, PSS-GNRs (also negatively charged) would be "repelled" from cells surfaces, and they could not have been taken up by cells. CTAB-GNRs carried positive charge, but they were not so stable, and they were prone to aggregating in the DMEM solution quickly. As shown in Fig. 5b , after the treatment of CTAB-GNRs, there was still no red light covering cancer cells, but some big red spots (aggregates of GNRs) could be observed outside the cells. Compared with CTAB-GNRs, PAH-PSS-GNRs also carried positive charge, but the multilayered polyelectrolyte coating could effectively prevent GNRs from aggregating and keep them chemically stable in various bio-environments. As shown in Fig. 5d , HeLa cells treated with PAH-PSS-GNRs emitted red light, and it was due to the light scattering (illustrated by Fig. 3) of GNRs, which covered the cell surfaces. The uptake is mediated through the electrostatic interaction between the positive charge on GNRs and negative charge on cell membranes.
Raman spectra of different GNRs samples (in aqueous solution) were measured by a Raman probe system (Ocean Optics). A 785-nm diode laser (300 mW) was used to excite samples, since this wavelength locates in the optical window of biological tissue (700-900 nm), and it could also eliminate fluorescence noise greatly. The integration time of the detector was 40 000 ms. As shown in Fig. 6 , CTAB-GNRs had no characteristic Raman peaks. PSS-GNRs had several distinct characteristic Raman peaks, however, which located in 435, 572 and 986 cm −1 . Some small peaks, like 530, 700 and 851 cm −1 , could also be observed. All the peaks arose from the SERS of PSS molecules, which are adsorbed on the surfaces of GNRs. PAH-PSS-GNRs had the similar Raman spectrum with that of PSS-GNRs, indicating that the SERS effect of PAH was not so intense and the SERS signal of PSS occupied majority in the whole PAH-PSS-GNRs system.
HeLa cell treated with PAH-PSS-GNRs was further imaged with Raman microscope (inVia Reflex, Renishaw Ltd.), and the wavelength of excitation laser was also set at 785 nm. Fig. 7a shows the Raman spectrum from the surfaces of HeLa cells, which were fully covered by PAH-PSS-GNRs (Fig. 5d) . Compared with the Raman spectrum of PAH-PSS-GNRs solution, although the 530 cm −1 peak seemed a bit compressed, the Raman peaks at 435, 572 and 986 cm −1 were still very distinct and the 700 and 851 cm −1 peaks also became more obvious. Furthermore, fast Raman imaging was carried out by utilizing 435 cm −1 peak as the standard peak, and the Raman spectrum mapping on cell surface was obtained accordingly (Fig. 7b) . Since only PAH-PSS-GNRs have the characteristic peak at 435 cm −1 , the Raman mapping could also reveal the distribution of PAH-PSS-GNRs on cell surface. Different mapping signal colors stand for different Raman intensities at different locations, and some high intensity spots (red, >2500 a.u.) could also reveal the local small aggregation of GNRs, since aggregation of GNRs increased the number of "hot spots", which could greatly increase the SERS signal. The cell Raman imaging results proved that PAH-PSS-GNRs could also be used as "Raman contrast agents" for cancer cell staining.
Conclusions
Multilayered polyelectrolyte-coated GNRs, which carried positive charge and were very stable in bio-environments, were obtained through facile chemical methods. Based on their unique scattering property and SERS effect, both dark field microscopy and Raman microscopy were used to confirm the uptake of multilayered polyelectrolyte-coated GNRs in cancer cells through the electrostatic interaction. The experiment results indicate that GNRs can be effectively used as multifunctional "optical contrast agents" for in vitro cancer cell imaging.
